The activity of two alloys, Pt 3 Sn/C and Pt 3 Ru 2 /C, was compared with the activity of Pt/C modified with corresponding amounts of Sn UPD (≈25 %) and Ru UPD (≈40 %) in the oxidation of ethanol. Pt 3 Sn/C, Pt 3 Ru 2 /C and Pt/C catalysts were characterized by XRD analysis. To establish the activity and stability of the catalysts, potentiodynamic, quasi steady-state and chronoamperometric measurements were performed. Both alloys are more active than Sn UPD -or Ru UPD -modified Pt/C catalysts. The electronic effect determining dominantly the activity of Pt 3 Sn/C is the main reason for its higher activity compared to Pt 3 Ru 2 /C. Since Sn UPD and Ru UPD do not provoke any significant modification of electronic environment, both modified Pt/C catalysts were less active than the corresponding alloys. More pronounced difference in activity between Pt 3 Sn/C and Sn UPD -modified Pt/C than between Pt 3 Ru 2 /C and Ru UPD --modified Pt/C is caused by the electronic effect in Pt 3 Sn/C. The high activity of Pt 3 Sn/C modified with a small amount of Sn UPD (≈10 %) can be explained by combining the electronic effect, causing less strongly bonded adsorbate on Pt sites and easier mobility of the Sn UPD , with an enhanced amount of oxygencontaining species on the Sn sites, resulting finally in a reinforcement of the bifunctional mechanism.
INTRODUCTION
Ethanol is promising fuel for direct alcohol low temperature fuel cells due to is low toxicity, high energy density, mass production from renewable sources and easy storage and transportation. However, the lack of an efficient and selective anode catalyst able to break the C-C bond providing complete oxidation to CO 2 with an exchange of 12 e -per molecule and to oxidize the adsorbed fragments nerally not unambiguous, most of them indicate that highly alloyed catalysts promote ethanol oxidation. 8, [23] [24] [25] [26] [27] Underpotential deposition (UPD) of Sn or Ru at Pt/C does not significantly perturb Pt structurally or electronically, as was shown in spectroscopic studies. 16, 18, 28 The catalytic action of both atoms was associated mostly with their ability to adsorb oxygenated species at lower potentials than Pt, permitting the bifunctional mechanism to proceed.
In this work, ethanol oxidation was studied at two alloys, Pt 3 Sn/C and Pt 3 Ru 2 /C, as well as at a Pt/C catalyst modified with the corresponding amounts of Sn UPD (25 %) and Ru UPD (40 %) . This comparative investigation based on the effects influencing the catalytic properties of these electrodes enabled a better understanding of the differences in the activities of the alloys, as well as those of the alloys and Pt/C modified by underpotentially deposited Sn and Ru. This approach, which to the best of our knowledge, has not been used so far, resulted finally in the comprehension of the superior activity of the catalyst created by modification of Pt 3 Sn/C with a small amount of Sn UPD (≈ 10 %).
EXPERIMENTAL

Electrode preparation
Commercially available Pt-based catalysts supported on high surface area carbon were used: Pt 3 Sn/C (20 wt. %) provided by E-Tek, and Pt 3 Ru 2 /C (33.5 wt. %) and Pt/C (47.5 wt. %) provided by Tanaka Precious Metals Group (Kikinzoku International K.K). The catalysts were applied to a glassy carbon substrate in the form of a thin-film. 10 A suspension of 5 mg of the catalyst in a mixture of 1 ml water, 1 ml ethanol and 50 µl of a 5 % aqueous Nafion solution was prepared in an ultrasonic bath and 10 µl of the suspension was placed onto the substrate (5 mm diameter) and dried at room temperature to form a homogenous catalyst layer. The resulting metal loading was 25 μg cm -2 .
To avoid the contribution of any other anions, Sn or Ru adlayers were prepared by holding freshly prepared electrodes at -0.2 V in 0.1 M HClO 4 solution containing Sn or Ru ions, generated by dissolution of Sn or Ru from the alloy matrix during cycling (20 cycles) of the Pt 3 Sn/C and Pt 3 Ru 2 /C electrodes up to 0.70 V or 1.10 V, respectively. The Sn or Ru modified electrode was then rinsed with water and transferred to the electrochemical cell.
Characterization of the catalysts
The Pt/C, Pt 3 Ru 2 /C and Pt 3 Sn/C catalysts were characterized by X-ray diffraction (XRD) analysis. The XRD measurements were realized using a Siemens D5005 (Bruker-AXS) diffractometer with a Cu Kα source operating at 40 mA and 40 kV and a graphite monochromator.
The quantitative analysis of the phase content and crystallite size calculations were performed by multiphase Rietveld refinement using Topas software and the Fundamental Parameters approach for the modeling of the peak shape. The Pt(220) diffraction peak was used to calculate the average crystallite size according to the Scherrer Equation.
Electrochemical measurements
Electrochemical measurements were performed at room temperature in a nitrogen-purged 0.1 M HClO 4 solution in a standard three compartment electrochemical cell with a Pt wire 1562 TRIPKOVIĆ, LOVIĆ and POPOVIĆ as the counter electrode and a saturated calomel electrode (SCE) as the reference. The employed reagents were of p.a. purity (Merck) and the solutions were prepared with high purity water ("Millipore", 18 MΩ cm resistivity). Ethanol (0.5 M) was added to the solution while holding the electrode potential at -0.2 V. The catalytic activity was measured using the potentiodynamic (sweep rate 20 mV s -1 ), quasi-steady-state (sweep rate 1 mV s -1 ) and chronoamperometric methods. The current-time transient curves were recorded during 30 min upon the immersion of the electrode in the solution at -0.2 V and holding for 2 s prior to stepping at 0.2 V. For the CO stripping measurements, pure CO was bubbled through the electrolyte for 20 min while keeping the electrode potential at -0.2 V vs. SCE. After purging the electrolyte with N 2 for 30 min to eliminate the dissolved CO, the adsorbed CO was oxidized in an anodic scan (20 mV s -1 ). Two subsequent voltammograms were also recorded to verify the completeness of the CO oxidation.
A VoltaLab PGZ402 (Radiometer Analytical, Lyon, France) was used in the electrochemical experiments.
The potentials are given versus SCE. The current densities are normalized to the active surface area.
The active surface area for Pt 3 Sn/C, Pt 3 Ru 2 /C and Pt/C was calculated from the the charge of CO stripping, assuming 420 μC cm -2 for a CO monolayer (Fig. 1) . The CO stripping voltammograms were corrected for the background currents to eliminate the contribution of the double layer charge, as well as Sn and Ru oxidation charges. 29 
RESULTS AND DISCUSSION
Catalysts characterization
The X-ray diffraction patterns of Pt 3 Sn/C, Pt 3 Ru 2 /C and Pt/C catalysts are presented in Fig. 2 . All samples display four characteristic peaks of the face cen-tered cubic (fcc) crystalline structure of Pt, i.e., (111), (200), (220) and (311). No peaks for either Sn or Pt oxides were found. However, this does not mean that they were not present; they could be present but in undetectably small amounts or in an amorphous form. The poorly resolved peak at ≈ 43.8° on the diffractogram for the Pt 3 Ru 2 /C catalyst is assigned to the hexagonal Ru phase (hcp). Two broad peaks that appeared at 14.0 and 30.9° are related to the carbon support material. Addition of Sn or Ru to Pt leads to an expansion or contraction of the Pt lattice, respectively, caused by their different atomic sizes in respect to that of Pt (R Sn = 1.61 Ǻ, R Ru = 1.34 Ǻ, R Pt = 1.39 Ǻ), which correspondingly shifts the peaks in opposite directions compared to Pt/C.
The lattice parameters calculated from the (220) peak as well as the mean crystallite diameters are listed in Table I . The atomic fractions of Sn and Ru (x Me ) and alloying degree (M alloy / %) calculated via the Vegard law 8 are also given in Table I . The atomic fraction of Sn, x Sn = 0.243 is close to the nominal content of 0.25 in the Pt 3 Sn/C catalyst, indicating that almost all the Sn atoms were alloyed to Pt. The atomic fraction of Ru, x Ru = 0.368, is slightly below the nominal content of 0.4 in Pt 3 Ru 2 /C, implying that most of the Ru atoms were incorporated in the fcc Pt structure. This was confirmed by the corresponding alloying degrees of 96.4 % for Pt 3 Sn/C and 87.4 % for Pt 3 Ru 2 /C.
Ethanol oxidation
The polarization curves for ethanol oxidation on Pt 3 Sn/C, Pt 3 Ru 2 /C and Pt/C catalysts in acid solution are given in Fig. 3 . The positive potentials were limited to 0.3 V to avoid any Sn or Ru dissolution. The Pt/C catalyst exhibited a low activity (curve a). The reaction commenced at ≈ 0.1 V when the dissociative adsorption of water occurred, providing OH ad species 30 needed for the oxidation of adsorbate containing C 1 fragments (mostly CO ad 11, 14 and CH x 5 ) and C 2 fragments generated by the dissociative adsorption of ethanol. 3, 8 Both alloys were more active than Pt/C. The onset potentials on the Pt 3 Ru 2 /C (curve b) and Pt 3 Sn/C (curve c) catalysts are shifted to less positive potentials with respect to Pt/C by ≈ 0.15 and ≈ 0.25 V, respectively. The catalytic action of Sn or Ru in the corresponding Pt-based alloys was correlated generally by their ability to dissociate water at lower potentials than Pt, enabling the bifunctional mechanism between the adsorbate on the Pt and the OH species adsorbed on the added metals to proceed. 6 However, the superior activity of Pt 3 Sn/C with respect to Pt 3 Ru 2 /C catalyst requires further analysis.
Alloying Sn to Pt causes an electronic modification due to the Pt-Sn interaction. An electronic modification in the unfilled d-band states of Pt atoms in various PtSn catalysts has been evidenced by spectroscopic techniques. [16] [17] [18] 22 Characteristic for Sn is the decrease of the local density of states at the Fermi level, which is in direct correspondence with the lowering of the energy of the d-band center. Therefore, CO binds more weakly on a Pt 3 Sn surface than on a pure Pt surface, which is in accordance with the downshift of the d-band centers of the platinum atoms. 31, 32 The Sn atom is not a strong acceptor of electrons from water molecules and forms a weak bond with OH. 22, 33 Both phenomena should be beneficial for ethanol oxidation.
Incorporation of Sn atoms in the fcc Pt lattice leads to an expansion of the lattice parameter, as revealed by XRD analysis (Table I) , changing the structure of the Pt-based material. The elongation of lattice parameter may facilitate C-C bond cleavage thus improving the catalytic activity. 15, 20, 21 A DFT calculation supports this assumption, indicating that surface transition species originating from ethanol are sensitive to the bond length and angle. 34 As the Pt 3 Sn/C catalyst had the high alloying degree of 96.4 %, it is reasonable to assume that both effects, electronic and structural, could be the origin of its high activity. On the other hand, C-C bond cleavage is a site demanding process requiring at least two adjacent (ensemble) binding Pt sites as the C-C bond length is 1.5 Ǻ and the atomic diameter of Pt is 1.39 Ǻ. This means that larger Pt ensembles are required for C-C bond breakage, while on smaller Pt ensembles, incomplete ethanol oxidation to acetaldehyde and acetic acid should be promoted. The number of the large Pt ensembles is generally diminished by incorporation of Sn into the Pt lattice, but it may be simultaneously compensated with the structural effect originating from the expansion of the Pt-Pt distance (Table  I ). However, it should be pointed out that the selectivity of Pt 3 Sn/C or other PtSn/C catalysts towards CO 2 formation was not improved significantly with respect to a Pt/C catalyst. 4, 7, 8, 10, 23 Electron transfer from Pt to Ru in the Pt 3 Ru 2 /C catalyst 18 decreases the bond strength between Pt and adsorbate produced from ethanol. 32 Moreover, the decreased Pt-Pt bond distance seems to be unfavorable for C-C bond cleavage. 10 If electronic and structural effects are not beneficial for ethanol oxidation, than the promotion of catalytic activity of Pt 3 Ru 2 /C with respect to Pt/C arises mainly from the ability of Ru atoms to dissociate water at lower potentials compared to Pt, providing oxygen-containing species to oxidize the adsorbed fragments generated from ethanol. However, although the capability of Ru atoms to dissociate water is larger than Sn atoms, 16 Pt 3 Ru 2 /C is significantly less active 1566 TRIPKOVIĆ, LOVIĆ and POPOVIĆ than Pt 3 Sn/C in ethanol oxidation most likely due to the slightly stronger bonded adsorbate, i.e., higher poisoning of the surface.
Electronic effect dominantly determined the activity of the Pt 3 Sn/C catalyst in ethanol oxidation and it is the main reason for its higher activity with respect to Pt 3 Ru 2 /C. 35 The structural or ensemble effects seems to be less important, since the selectivity for oxidation to CO 2 is not significantly increased on both catalysts compared to Pt/C. 19 The stability of the catalysts was studied in chronoamperometric experiments (Fig. 4) . The highest initial current density at 0.2 V on Pt 3 Sn/C related to the other two catalysts is in accordance with the potentiodynamic measurements (Fig. 3) . The currents decay rapidly at Pt/C and Pt 3 Ru 2 /C catalysts, reaching their steady state values within a few minutes. On the other hand, the initial current decreases slightly at Pt 3 Sn/C and stabilizes in the experimental period of time at a value which is about two times higher than at the Pt 3 Ru 2 /C catalyst. The Pt 3 Sn/C catalyst is evidently less poisoned than Pt 3 Ru 2 /C or Pt/C. Ethanol oxidation at Pt 3 Sn/C, Pt/C and the Sn UPD -modified Pt/C and Pt 3 Sn/C catalysts and the corresponding basic voltammograms are displayed in Fig. 5 .
The decrease of charge in the hydrogen region of ≈ 25 % between Pt/C and the Sn UPD -modified Pt/C catalyst (Fig. 5A) can be related to the coverage with Sn UPD , assuming that hydrogen does not adsorb on Sn. 36 The activity of Pt/C catalyst was improved by the Sn UPD layer (Fig. 5C ). The reaction commences at ≈ 0.0 V (curve a'), i.e., at ≈ 0.1 V less positive potentials relative to Pt/C (curve a). Comparison of Pt 3 Sn/C containing ≈ 25 at. % of Sn (curve c) with Pt/C modified by the same amount of Sn UPD (curve a') reveals clearly that the alloy is considerably more active. The onset of the reaction at Pt 3 Sn/C is shifted by more than 0.1 V to less positive potentials and the current densities are enhanced. Spectroscopic analysis of Sn UPD on Pt/C shows that the Sn UPD interacts with oxygen species similarly as in Pt 3 Sn/C alloy, but the underpotential deposition of Sn on Pt/C induces much smaller electronic changes in Pt/C than in Pt 3 Sn/C. 28 This means that Sn UPD does not interfere remarkably with the ability of Pt to adsorb strongly ethanol or the adsorbate generated by ethanol dissociation, which should be the main reason for the lower activity of the Sn UPD modified Pt/C with respect to Pt 3 Sn/C.
The small amount of Sn (≈ 10 %) electrodeposited on Pt 3 Sn/C (Fig. 5B ) promotes the activity of the alloy (Fig. 5C, curve c') , creating a powerful catalyst for ethanol oxidation as was shown in the literature. 37 The high activity of this catalyst can be explained by combining the electronic effect, causing less strongly bonded adsorbate on the Pt sites, and the easier mobility of Sn ad , 38 with enhanced amount of oxygen-containing species on the Sn sites, resulting, as a final consequence, in a reinforcement of the bifunctional mechanism.
TRIPKOVIĆ, LOVIĆ and POPOVIĆ
Using the same approach, ethanol oxidation was examined at Pt 3 Ru 2 /C containing 40 % of Ru (Fig. 6B) and compared with the Pt/C catalyst modified with approximately the same amount (≈ 40 %) of Ru UPD , (Fig. 6C, curves b and a",  respectively) . The decrease of charge in the hydrogen region of ≈ 40 % between Ru UPD modified and unmodified Pt/C catalyst (Fig. 6A) can be attributed to the coverage with Ru UPD on the Pt sites, assuming that the maximal coverage of Ru by H adatoms is ≈ 15 %. 39,40 Inspection of the results given in Fig. 6C shows a significant difference in respect to the corresponding results obtained at Pt 3 Sn/C and Sn UPD modified Pt/C catalysts (Fig. 5C ). The substantial easily recognized contrast is the small difference between the activity of Pt 3 Ru 2 /C (curve b) and that of the Pt/C modified by the same amount of underpotentially deposited Ru (curve a"). This is reliable proof that electronic or structural effects do not provoke a significant influence on the activity of Ru alloyed Pt catalysts. In this context, the high alloying degree of 87.4 % (Table I) is not as relevant for an estimation of the catalytic properties of Pt 3 Ru 2 /C as it is in a case of the Pt 3 Sn/C catalyst. Since underpotential deposition of Ru on Pt/C does not provoke significant electronic changes in Pt/C, 16, 18 ethanol oxidation on the respective catalysts obeys the con-ditions relevant for the bifunctional mechanism. In this sense, the ratio between Pt sites, which adsorb ethanol, and Ru sites, which nucleate oxygen species to oxidize that adsorbate, becomes crucial. The ratio Pt/Ru = 60:40 fulfilled in Pt 3 Ru 2 /C as well as in Pt/C modified by 40 % of Ru UPD provide the best catalytic performance. 41 The addition of ≈ 10 % Ru UPD on Pt 3 Ru 2 /C or enhancement of the amount of Ru UPD on Pt/C at 50 % decreases the activity of both catalysts, respectively (not shown).
The activities of the catalysts studied in ethanol oxidation obtained under quasi-steady state conditions are given in Figs. 7 and 8. In these plots, the cur- (Figs. 7B and 8B ). The Pt 3 Sn/C is more active than the Pt/C modified by Sn UPD (≈ 25 %) catalysts (Fig. 7) and considerably more active than Pt/C. The activity of Pt 3 Ru 2 /C and Pt/C modified by Ru UPD (≈ 40 %) are similar, but both catalysts are more active than Pt/C (Fig.  8) . The activity of the respective catalysts at E = 0.1 V (SCE) summarized in Table II show that the ratio of the activity between the alloys and corresponding Sn UPD -or Ru UPD -modified Pt/C is generally maintained regardless of whether the currents are given as active surface area or as mass specific currents. Pt 3 Sn/C modified by ≈ 10 % Sn UPD is the best catalyst studied. Its activity enhanced more than two times in respect to Pt 3 Sn/C catalyst is close to the activity attained at ternary Pt/Rh/SnO 2 catalyst. [42] [43] [44] Tafel slopes of ≈ 120 mV dec -1 obtained at Pt 3 Sn/C and Sn UPD modified Pt/C catalysts indicate that the first electron transfer could be the rate determining step. 23 Higher Tafel slopes of 140-150 mV dec -1 at Pt/C, Pt 3 Ru 2 /C and Ru ad modified Pt/C catalysts are caused by a large poisoning of Pt. 45 
CONCLUSIONS
According to the results obtained in this work dealing with the effects influencing the overall ethanol oxidation on the studied catalysts, the following conclusions can be reached.
Both alloys are more active than Pt/C. Pt 3 Sn/C is more active than Pt 3 Ru 2 /C or the corresponding Sn UPD -or Ru UPD -modified Pt/C catalysts as revealed from potentiodynamic and quasi steady state measurements. Its high activity originates mainly from the electronic effect causing the weakly bonded adsorbate generated by ethanol adsorption on the Pt sites and the appropriate amount of oxygen-containing species labile bound to Sn to oxidize the adsorbate through the bifunctional mechanism. It was concluded that the promoted OH generation is the primary reason for the enhanced activity towards ethanol oxidation on the Pt 3 Ru 2 /C catalyst.
Since underpotential deposition of Sn or Ru does not provoke any significant electronic effect, both the modified Pt/C catalysts were less active than the corresponding alloys. Accordingly, the more pronounced difference between the Pt 3 Sn/C and the Sn UPD -modified Pt/C (25 % Sn) as compared to the difference between Pt 3 Ru 2 /C and the Ru UPD -modified Pt/C (40 % Ru) is caused by the electronic effect in Pt 3 Sn/C.
Modification of Pt 3 Sn/C with a small amount of Sn UPD (≈ 10 %) creates a powerful catalyst for overall ethanol oxidation. Активност две легуре, Pt 3 Sn/C и Pt 3 Ru 2 /C, упоређене су са активностима Pt/C модифи-кованим одговарајућим количинама Sn UPD (≈ 25 %) или Ru UPD (≈ 40 %) у реакцији оксидације етанола. Катализатори су окарактерисани дифракцијом X-зрака (XRD) и одређен је степен легирања. Њихова активност и стабилност испитивана је потенциодинамичким, квази-ста-ционарним и хроноамперометријским мерењима. Добијени резултати су показали да су обе легуре активније од Sn UPD и Ru UPD модификованог Pt/C катализатора. Активност Pt 3 Sn/C катализатора одређена је значајним електронским ефектом, што је и главни разлог његове веће активности у односу на Pt 3 Ru 2 /C. Одсуство електронског ефекта код Sn UPD и Ru UPD модификованог Pt/C катализатора чини ове електроде мање активним од одговарајућих ле-гура, тј. од Pt 3 Sn/C и Pt 3 Ru 2 /C. Већа разлика у активности између Pt 3 Sn/C и Sn UPD модифи-кованог Pt/C катализатора него између Pt 3 Ru 2 /C и Ru UPD модификованог Pt/C катализатора изазвана је елктронским ефектом у Pt 3 Sn/C катализатору. Велика активност Pt 3 Sn/C ката-лизатора модификованог малом количином Sn UPD (≈ 10 %) може се објаснити комбинацијом електронског ефекта, тј. слабијом везом адсорбата на Pt местима и већом мобилношћу Sn UPD , и повећаном количином OH ad честица на Sn местима, што као крајњи резултат има побољ-шање бифункционалног механизма реакције. 
